Mucus hypersecretion contributes to morbidity and mortality in many obstructive lung diseases. Gel-forming mucins are the chief glycoprotein components of airway mucus, and elevated expression of these during mucous metaplasia precedes the hypersecretory phenotype. Five orthologous genes (MUC2, MUC5AC, MUC5B, MUC6, and MUC19) encode the mammalian gel-forming mucin family, and several have been implicated in asthma, cystic fibrosis, and chronic obstructive pulmonary disease pathologies. However, in the absence of a comprehensive analysis, their relative contributions remain unclear. Here, we assess the expression of the entire gel-forming mucin gene family in allergic mouse airways and show that Muc5ac is the predominant gel-forming mucin induced. We previously showed that the induction of mucous metaplasia in ovalbumin-sensitized and -challenged mouse lungs occurs within bronchial Clara cells. The temporal induction and localization of Muc5ac transcripts correlate with the induced expression and localization of mucin glycoproteins in bronchial airways. To better understand the tight regulation of Muc5ac expression, we analyzed all available 59-flanking sequences of mammalian MUC5AC orthologs and identified evolutionarily conserved regions within domains proximal to the mRNA coding region. Analysis of luciferase reporter gene activity in a mouse transformed Clara cell line demonstrates that this region possesses strong promoter activity and harbors multiple conserved transcription factor-binding motifs. In particular, SMAD4 and HIF-1a bind to the promoter, and mutation of their recognition motifs abolishes promoter function. In conclusion, Muc5ac expression is the central event in antigen-induced mucous metaplasia, and phylogenetically conserved 59 noncoding domains control its regulation.
In the lungs, the conducting airways are lined by ciliated and nonciliated epithelial cells residing beneath a multiphase mucus film that has a superficial periciliary layer and an overlaying gel layer. Airway mucus is comprised of water, ions, polypeptides, cells, and cellular debris that are contained within a viscoelastic glycoprotein-rich gel (1) . Functionally, airway mucus prevents desiccation of the underlying epithelium and traps inhaled particles and pathogens, allowing for their elimination by mucociliary clearance. Under healthy conditions, the steady-state regulation of the height and osmolarity of the periciliary layer and the thickness and composition of the gel layer allows for efficient mucociliary clearance. However, in obstructive lung diseases such as asthma, cystic fibrosis (CF), constrictive bronchiolitis, and chronic obstructive pulmonary disease (COPD), as well as in animal models of these diseases, mucus hypersecretion results in worsening of morbidity and mortality (for reviews, see Refs. 2 and 3). The hallmark of this mucous phenotype is elevated mucin production by surface epithelial cells, especially within the small (, 2 mm diameter) airways, by a process termed mucous (or goblet cell) metaplasia. In humans and in antigenchallenged mice, mucin production occurs via the induction of mucin gene expression within Clara cells (4, 5) . In mice, this process occurs via activation of type 2 helper T-lymphocyte (Th2) (6) and epidermal growth factor (EGF) (7) signal transduction pathways.
Mucins are very high molecular weight glycoproteins that can either be membrane associated or secreted and released into the extracellular space. Membrane mucins are ubiquitously expressed by epithelia in respiratory mucosae, and they participate in cell adhesion and glycocalyx generation; they may also be secreted into the mucus layer as the result of shearing or the synthesis of splice variants lacking transmembrane domains (8, 9) . Secreted mucins are expressed by nonciliated epithelial cells in the respiratory epithelium, and they are stored in intracellular secretory granules until stimulated for release by regulated exocytosis. A subset of secreted mucins, the gel-forming mucins, have large heavily O-glycosylated apoprotein cores (. 300 kD) as well as N-and C-terminal cysteine-rich von Willebrand Factor-like domains that participate in disulfide bond-mediated oligimerization. Once secreted, gel-forming mucins create very large (1 to . 10 MegaDalton) viscoelastic macromolecular complexes (10) .
Five orthologous human and mouse genes encode the gelforming mucins. Four of these (MUCs 2, 5AC, 5B, and 6) are present in tandem as a conserved cluster on human chromosome 11p15 and on the syntenic mouse chromosome 7 F5 (11) . The fifth gel-forming mucin gene, MUC19, is present on chromosome 12q12 in humans and 15 E3 in mice (12, 13) . MUC5AC and MUC5B have been implicated as markers of goblet cell metaplasia in lung pathologies based upon expression studies in humans, in animal models, and in cell cultures (14) (15) (16) (17) (18) (19) . Recently, some studies have also suggested involvement by MUC2 (20) (21) (22) and MUC19 (12) . However, none of these studies tested the relative expression of the full set of gel-forming mucins in a comprehensive manner. Thus, ambiguity remains regarding the expression of these key molecules in lung physiology and pathophysiology.
Here, we quantitatively analyze the expression of the entire gel-forming mucin family in a mouse model of allergic airway inflammation. We show that Muc5ac is selectively induced in the metaplastic airways of antigen-challenged mice. We also show that specific motifs within evolutionarily conserved regions (ECRs) in the 59 flanking region of mouse Muc5ac determine its transcriptional activity in a Clara cell line in vitro. Together, these studies provide a comprehensive analysis of the mucin gene expression patterns that are central to the development of airway goblet cell metaplasia in vivo, and they identify regions within the Muc5ac promoter that potently regulate its transcriptional activation.
MATERIALS AND METHODS

Animal Sensitization and Challenge
Female, specific pathogen-free, 6-to 8-wk-old C57BL/6J mice were purchased from Harlan (Indianapolis, IN). SV40 Large T Antigen transgenic mice were generated previously (23) . Mice were housed in accordance with the Institutional Animal Care and Use Committee of the M. D. Anderson Cancer Center. Wild-type mice were sensitized to ovalbumin (20 mg ovalbumin Grade V, 2.25 mg alum in saline, pH 7.4; Sigma, St. Louis, MO) administered by intraperitoneal injection) four times, weekly. Sensitized mice were exposed for 30 min to an aerosol of either 0.9% (wt/vol) saline or 2.5% (wt/vol) ovalbumin in 0.9% saline, which were both supplemented with 0.02% (vol/vol) antifoam A silicon polymer (Sigma), via an AeroMist CA-209 compressed gas nebulizer (CIS-US, Inc., Bedford, MA) in the presence of room air supplemented with 5% CO 2 , as described previously (5) . At 6 h and 1, 2, 3, and 7 d after antigen challenge, animals were anesthetized by intraperitoneal injection of a mixture of ketamine, xylazine, and acepromazine. Under deep anesthesia, animals were tracheostomized using a 20-gauge blunt tip cannula and killed by exsanguination via the abdominal aorta. We have characterized the development and resolution of mucous metaplasia in this animal model extensively in the past (5) , and the time points chosen for these experiments coincide with the development (6 h and 1-2 d) and peak (3-7 d) of mucin production following a single antigen aerosol challenge.
RNA Isolation and RT-PCR
Before isolation of RNA, tissues were removed from killed mice, immediately washed in diethylcarbamate (DEPC)-treated PBS, and snap-frozen in liquid N 2 . For total RNA extraction, tissues were thawed in TRIZOL reagent (Invitrogen-Life Technologies, Carlsbad, CA), minced with a stainless steel razor blade, and passed three times through a 20-G needle. RNA was quantified by ultraviolet absorbance at 260 nm using a Nanodrop ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE). Ten micrograms of total RNA was reverse transcribed (Superscript III; Invitrogen-Life Technologies) using random 9-mers (New England Biolabs, Beverly, MA) as complementary DNA (cDNA) primers in a 40-ml reaction. Primer pairs and Genbank sequences used to generate RT-PCR products are shown in Table 1 . For nonquantitative RT-PCR analysis of mucin transcript expression, reverse-transcribed cDNA corresponding to 1 mg of starting RNA from the RT mixture was amplified in the appropriate primer extension mixture 33 times (948C heating, 608C annealing, 728 extension). For quantitative PCR, real-time PCR primers and 59-FAM/39-BHQ labeled Taqman probes were generated for Muc2, Muc5ac, Muc5b, and Muc19 using ABI Systems analysis software (Applied Biosystems, Foster City, CA; see Table 1) . Quantitative PCR was then performed on cDNA corresponding to 100 ng of starting RNA from the RT mixture using Taqman probe assays on an ABI PRISM 7000 Sequence Detection System (Applied Biosystems). Generation of a standard curve was performed by PCR amplification of dilutions (0.001-100.0 pg) of synthetic single stranded oligonucleotide templates for each transcript. Final data were normalized to 18S transcripts per sample and expressed as the absolute numbers of molecules of query transcript per absolute numbers of molecules of 18S rRNA.
Histologic Preparation
Lungs were perfused with saline via the right cardiac ventricle to clear blood from the pulmonary tissues. Fixative (4% paraformaldehyde in DEPC-treated 0.1 M phosphate buffer, pH 7.0) was infused intratracheally at 10-15 cm pressure. The lungs were fixed in situ for 30 min at room temperature, removed from the thoracic cavity, and fixed overnight at 48C. Lungs were embedded in paraffin, cut into serial 5-mm sections, and collected on Superfrost Plus microscope slides (VWR, West Chester, PA).
In Situ Hybridization and Histochemistry
The presence of Muc5ac mRNA and mucin glycoproteins was analyzed in consecutively sectioned tissue samples. In situ hybridization was performed on deparaffinized tissue sections according to established protocols (24) . The clone used to synthesize sense and antisense riboprobes for the murine Muc5ac cDNA was generated by PCR using the primer pairs for Genbank accession number L42292 (see Table 1 ) to amplify cDNA from mouse stomach. The PCR product was cloned into PCRII-TOPO (Invitrogen), and sequencing confirmed that it encoded 1.9 kb of the 39 end of mouse Muc5ac. Plasmids were linearized and either T7 (antisense) or SP6 (sense) RNA polymerase was used to generate riboprobes labeled with [a-35 S]UTP. Labeled probes were hydrolyzed to generate z 300-bp fragments, and samples were overlaid with 8 million counts of antisense or sense riboprobe and hybridized overnight at 608C. Posthybridization washes were performed as described (24) , and slides were dipped in Kodak NTB-2 emulsion and exposed for 1-4 wk. Slides were washed again and counterstained with Hoechst 33258 (Molecular Probes, Eugene, OR) to label nuclei. In situ labeled sections were viewed by darkfield fluorescence microscopy and photographed using an Olympus BX60 microscope equipped with a SPOT digital camera (Diagnostics Instruments, Sterling Heights, MI). For fluorescent detection of mucin glycoproteins, serial slides with tissues adjacent to those used for in situ hybridization were stained using periodic acid fluorescent Schiff's (PAFS) staining (5) . All slides were dehydrated in graded ethanol solutions, air dried, and coverslipped with Canada balsam mounting medium (50% Canada balsam resin, 50% methyl salicylate; Fisher Chemicals, Pittsburgh, PA).
Genomic DNA Cloning and Sequence Analysis
The 59 end of the coding region of the mouse Muc5ac gene was analyzed by sequence alignment of a mouse bacterial artificial chromosome (BAC; Genbank Acc. No. AC020817) sequence with the 59 cDNA end of human MUC5AC identified previously (25) . This sequence of four putative exons of the 59 end of mouse Muc5ac was confirmed by RT-PCR of mouse lung cDNA harvested 3 d after antigen challenge using the high-fidelity proofreading polymerase Pfu Turbo (Stratagene, La Jolla, CA) with the Muc5ac cDNA primers described above (see Table  1 ). The 416-bp product matched the putative mouse cDNA sequence and contained a conserved translation start site. A second 2.2-kb product, amplified from contaminating genomic DNA, was used to confirm the exon-intron junctions within this small 59 segment of Muc5ac.
A 400-bp sequence fragment of the 59 cDNA end of human MUC5AC corresponding to the mouse 59 coding region fragment identified above was used to query all current mammalian genomic databases, including mouse (Build 36.1), rat (Build 4.1), cat (Build 1.1), dog (Build 2.1), sheep (Build 1.1), pig (Build 1.1), cattle (Build 3.1), and chimpanzee (Build 2.1), using a cross-species discontiguous MegaBLAST alignment. Positive queries were identified in the mouse, dog, and cattle genome assemblies. To determine the overall conservation of these orthologs within their amino terminal coding regions, sequences were further analyzed using EMBOSS pairwise and ClustalW multiple alignment tools. Next, all available upstream sequences from mouse, dog, cattle, and human (including some gaps in the chromosome contigs) between the start codon for MUC5AC and the stop codon for MUC2 (the adjacent gene 59 to MUC5AC) were retrieved from the available GenBank nucleotide databases. These were analyzed as described above for the 59 coding regions. To obtain a putative transcription factor (TF) binding profile for mouse Muc5ac with relevance to that of the human gene, a TRANSFAC database analysis was performed on both the mouse and human sequences using Matinspector (www. genomatix. de; 26) . This sort of analysis is inherently error prone, so the matrix thresholds were set to > 90%. The putative TF profile was further narrowed using rVista (rvista.dcode.org), which specifically cross-references primary sequence homologies determined by BLASTz alignment with the TRANSFAC database (27) (28) (29) , and thus allows for identification of highly conserved TF binding sites within orthologous gene sequences (30) .
Construction of Muc5ac Promoter Luciferase Constructs
PCR of the BAC was used to generate 1-to 5-kb genomic DNA fragments containing the 59 flanking region of mouse Muc5ac at 1-kb increments. PCR was performed using Pfu Turbo, and the primer sequences used are shown in Table 1 . The antisense primer was positioned directly adjacent to the translation start site. The resulting amplicons were first cloned into pCRII-TOPO Blunt vector and then subcloned into pGL3 Basic firefly luciferase reporter vector (Promega, Madison, WI) using HindIII and XhoI sites in the PCRII and pGL3 for the 1-, 2-, and 3-kb promoter constructs and the HindIII and SpeI sites in PCRII-TOPO and HindIII and NheI sites in pGL3 for the 4-and 5-kb constructs. To study the effects of specific TF consensus motifs on Muc5ac promoter function, the 1-kb promoter construct was mutated at specific sites using the Quick Change XL Site Directed Mutagenesis kit (Stratagene). A pGL3 reporter construct containing 800 bp of the mouse CCSP promoter was generated previously (31) . For chimeric promoter constructs testing the specificity effects of 22/23 kb repressor domain of the Muc5ac promoter on CMV promoter activity, the luciferase cDNA from pGL3 Basic was first subcloned into pCDNA 3.1 Hygro (Invitrogen) and the 22/23 kb Muc5ac region was then cloned 59 to the CMV promoter using the endogenous MluI site present in the distal 59 end of the CMV promoter in pCDNA 3.1 and PCR generated MluI sites in the Muc5ac fragment. For chimeric Muc5ac 22/23 kb-CCSP promoter constructs, the CMV site was withdrawn from the pCDNA 3.1 CMV-luciferase construct using MluI and HindIII, and the 22/23 kb domain was cloned in using PCR generated MluI and HindIII sites on the 59 and 39 primers, respectively. 
Chromatin Immunoprecipitation
Chromatin immunoprecipitation (ChIP) was used to determine the biochemical interactions of transcription factors with the Muc5ac promoter. Experiments were performed using the ChIP-IT kit (Active Motif, Carlsbad, CA) according to the manufacturer's instruction. Briefly, cells were grown on 15-cm tissue culture plates grown to z 75% confluence and stimulated with EGF and IL-13 as described above. After overnight incubation, cells were fixed for 10 min in 10% formalin, lysed, and nuclease treated. Immunoprecipitation was performed using rabbit polyclonal antibodies to HIF-1a (Novus Biologicals, Littleton, CO) and SMAD4 (Santa Cruz Biotechnology, Santa Cruz, CA). Nonspecific rabbit IgG (Santa Cruz Biotechnology) was used as a negative control. Primary and control antibodies were incubated with digested tissue culture lysates overnight at 48C under constant rotation at a final concentration of 3 mg per 170 ml reaction. Antibody-antigen complexes were then incubated with protein G-linked goat anti-rabbit IgG and precipitated by centrifugation at 20,000 3 g for 15 min at 48C. Aliquots of input DNA not exposed to primary or secondary antibodies were stored separately for normalization. Immunoprecipitated DNA was analyzed by PCR using primers that flank the core promoter region (sense primer, 2144 to 2125 bp in Muc5ac gDNA sequence; antisense primer 120 to 11 in Muc5ac gDNA sequence; see Figure 4 for gene references and Table 1 for primer sequences). PCR products were initially analyzed by agarose gel electrophoresis to determine reaction efficiency and the absence of detectable primer dimer amplification. Quantitative PCR was then performed using the same primer set with SYBR green detection (Quantitect; Qiagen, Valencia, CA). Standard curves were generated using linearized plasmid DNA containing the 1-kb wild-type mouse Muc5ac promoter, and the dynamic range of sensitivity ranged from 1 copy to 10 9 copies.
Statistical Analysis
Quantitative data are presented as means 6 SE, and statistical analysis was performed using Student's t test (Statistica, Version 6.1; StatSoft Inc., Tulsa, OK). A P value of < 0.05 was considered significant.
RESULTS
Muc5ac Is Selectively Up-Regulated in the Lungs of Antigen-Challenged Mice
To identify which mucin genes are involved in the development of allergic mucous metaplasia, we measured the expression levels of the complete set of murine gel-forming mucin genes at baseline and over a 1-wk period after a single aerosol antigen challenge. In the absence of antigen challenge, very little histochemically detectable mucin glycoprotein is found in the nonciliated epithelial cells of mouse conducting airways ( Figure 1A ). By contrast, sensitized mice exposed to a single aerosol ovalbumin challenge develop a prominent mucous phenotype within the airway epithelium that is apparent within 24 h and is maximal at 3-7 d ( qualitatively here ( Figure 1C ). Next, to quantitatively determine which of these are expressed coincidentally with histochemically detectable mucin glycoprotein, we measured the expression of Muc5ac, Muc5b, and Muc19 by qRT-PCR ( Figure 2 ). Muc5ac and Muc5b mRNAs are detectable even in the absence of histochemically detectable goblet cells at baseline (138 and 3,994 mRNA copies per 10 6 18S rRNA copies, respectively). Moreover, both are expressed at significantly higher levels than either Muc2 (14 mRNA copies per 10 6 18S rRNA copies) or Muc19 (5 mRNA copies per 10 6 18S rRNA copies). After antigen challenge, Muc5ac is the predominant mucin gene induced. It increases 7-fold 2 d after challenge (966 mRNA copies per 10 6 18S rRNA copies) and . 40-fold 3 d after challenge (5,970 mRNA copies per 10 6 18S rRNA copies). In contrast to the robust induction of Muc5ac transcription, Mucs 2, 5b, and 19
transcripts do not increase in a statistically significant manner. In fact, they are reduced by 45-70% compared with baseline 2 d after challenge, and they only increase 2-to 5-fold 3 d after challenge. Thus, both Muc5ac and Muc5b are present within the lungs of mice at baseline and after antigen challenge, but it is the up-regulation of Muc5ac that corresponds with the dramatic increase in histochemically detectable mucin present within the epithelium after challenge.
Muc5ac Expression Is Localized to a Subset of Proximal Airway Epithelial Cells
To identify the localization of Muc5ac expression in the lungs of mice, in situ hybridization was performed. Muc5ac mRNA is expressed within the airway epithelium of antigen-challenged mice, but it is undetectable within the airway epithelium of unchallenged controls ( Figure 3 ). Moreover, Muc5ac expression localizes to the central bronchial airways but is absent in the peripheral bronchiolar airways. This expression pattern matches that of intracellular mucin glycoprotein content detected by PAFS staining, demonstrating that mRNA synthesis levels are tightly associated with protein synthesis levels.
Identification of Conserved Putative TF Binding Motifs within the Muc5ac Promoter
Having shown that Muc5ac is the most highly induced gel-forming mucin gene during allergic goblet cell metaplasia in vivo, we analyzed the upstream 59 flanking region to test for evolutionary conservation of potential functional regulatory elements that may drive Muc5ac expression. We previously cloned the 59 coding sequence and 1-kb of the 59 flanking region of mouse Muc5ac (5). Alignment of these mouse sequences with other known mammalian sequences shows high homology among orthologs (60-90% within the coding region and 60-80% within the proximal 59 flanking region). Among the most highly conserved domains are the coding sequence for the amino terminal von Willebrand factor D-like domain (. 95%) and several recognition motifs for TF binding within the core promoter ( Figure 4) . In all mammalian genomes mapped in the 11p15 syntenic region thus far, the clustered gel-forming mucins are present in the following locus order (centromere / telomere): 59-MUC6 (complementary strand) / MUC2 / MUC5AC / MUC5B-39. We therefore scanned the full 59 intergene sequence between the coding regions of mouse Muc2 and Muc5ac (. 34 kb), rat Muc2 and Muc5ac (. 12 kb), dog MUC2 and MUC5AC (. 24 kb), cattle MUC2 and MUC5AC (. 42 kb), chimpanzee MUC2 and MUC5AC (. 40 kb with gaps), and human MUC2 and MUC5AC (. 47 kb) to search for ECRs that harbor TF consensus motifs. We next examined the 59 flanking regions of these MUC5AC orthologs, using rVista. The rVista software tool generates a BLASTz alignment (27) (28) (29) that is weighted toward analysis of two highly divergent sequences such as noncoding genomic DNA regions, and then identifies ECRs and crossreferences these against the TRANSFAC database to determine whether putative functional TF-binding sites are present in both species (30) . The 5-kb region proximal to the translational start site contains the highest degree of conservation among species (mouse versus human shown in Figure 5 ). Our analysis identifies [16] [17] [18] ECRs that contain clusters of > 100 bp with at least 70% homology between humans and cattle and humans and mice. Likewise, there are 31-39 ECRs that contain clusters of > 20 bp with at least 90% homology between humans and cattle and between humans and mice. TRANSFAC analysis of these reveals conservation of SMAD4, HIF1/NMYC, and FOXA2 binding sites within the 1-kb domain proximal to the translational start site, as well as conservation of a site for NKX2.5 (a relative Muc5ac mRNA is present at z 30-fold lower levels than Muc5b while Muc2 and Muc19 mRNAs are present at z 300 and . 700-fold lower levels than Muc5b, respectively. Three days after antigen challenge (filled bars), Muc5ac is the only gel-forming mucin whose mRNA levels increase significantly. (B) The magnitude of Muc5ac induction, compared with its expression level in saline-challenged mice (S), is significant 72 h after exposure, but not at earlier time points. Muc5ac (upright triangles) induction is also of significantly greater magnitude than any changes seen in Muc2 (squares), Muc5b (inverted triangles), or Muc19 (diamonds) mRNA levels at any time points studied here. Data are presented as means 6 SE of triplicate samples from 5-12 mice per group. *Significant difference from other mucin mRNAs within a given treatment group/ time point. # Significant difference between an individual mucin and its baseline expression level. Note Log2 scale for y axis in A.
of NKX2.1, or TTF-1, a ubiquitous airway epithelial cell TF) in the 21/22 kb region ( Figure 5 ). Manual identification of high stringency MatInspector hits identifies additional sites including the following: additional SMADs and the zinc-finger SMAD inhibitor transcription factor (TCF) 8, both TGF-b-signaling effectors (32); lymphoid enhancer binding factor 1 (LEF1), the major downstream target of b catenin (33); and basic kruppel like factor (BKLF/KLF3), a TF whose relative (lung KLF or LKLF/KLF2) shares the same recognition motif and was recently shown to be up-regulated in smokers with moderate chronic obstructive pulmonary disease (COPD) (34) .
To test the function of the conserved promoter elements identified above, we developed an in vitro system that models characteristics of murine mucous metaplasia. We used mtCC1-2s, which were established previously by Magdaleno and coworkers who cultured epithelial cells from the tumors of transgenic mice expressing SV40 Large T Antigen under control of the CCSP promoter (23) . We grew mtCC1-2s in the presence and absence of IL-13 or EGF, two cytokines that activate signal transduction pathways known to be required for the development of mucous metaplasia in vivo. The expression of Mucs 2, 5ac, 5b, and 19, as well as the metaplastic marker calciumactivated chloride channel (Clca)-3 and the baseline Clara cell marker CCSP, were measured by performing qPCR on cDNA from control and IL-13-or EGF-stimulated cultures ( Figure  6A ). In the absence of these cytokines, none of the mucins tested here are detectable, but CCSP and Clca3 are (38 and 1,158 mRNA copies per 10 6 18S rRNA copies). However, upon cytokine stimulation, there is a marked up-regulation of Muc5ac (14 and 53 mRNA copies per 10 6 18S rRNA copies with IL-13 or EGF, respectively) with no significant changes in Mucs 2, 5b, or 19 ( Figure 6 ). Likewise, these two cytokines also significantly induce Clca3 expression to 24,086 (. 20-fold, IL-13) and 5,033 (. 4-fold, EGF) copies. IL-13 (but not EGF) also induces Muc5b expression, but this effect did not achieve statistical significance (P 5 0.08). At the protein level, PAFS-positive cells are present in the core regions of lungs tumors (, 10%) in transgenic mice expressing SV40 Large T Antigen under control of the murine CCSP promoter (Figures 6B and 6C) , suggesting that our findings of transcript regulation are associated with mucin glycoprotein production. Collectively, these data reflect what is seen in control and antigen challenged mice in vivo, since mtCC1-2s exhibit regulated expression of components of the in vivo mucous metaplastic phenotype in vitro.
Control of Muc5ac Induction by Conserved 59 Elements
Having established regulated expression of mucous metaplastic markers in mtCC1-2s, we next used them as a proxy to identify cis and trans factors that potentially mediate Muc5ac gene regulation with the potential to regulate gene activity. To this end, we first analyzed the effects of conserved Muc5ac 59 noncoding region on luciferase activity in reporter assays in vitro. We cloned 1-, 2-, 3-, 4-, and 5-kb fragments of the 59 flanking region adjacent to the translational start site, generated promoter-luciferase reporter constructs, and tested their relative activities in murine transformed Clara cells (mtCC1-2s) and fibroblasts (3T3 cells). When transfected into mtCC1-2s, luciferase activity was highest when driven by the 1-and 2-kb promoters, but luciferase activity was abolished when driven by the 3-, 4-, and 5-kb promoters ( Figure  7 ). In these cases, reporter activity fell below even the baseline leak of the ''promoterless'' pGL3 Basic vector. By contrast, there was little or no luciferase activity in 3T3 fibroblast cells. These results demonstrate that the first kb of the mouse Muc5ac promoter confers robust levels of transcriptional activation, and they suggest that it also confers some degree of epithelial, in this case Clara cell, selectivity. They further show that a strong repressor element is present within the third kb upstream of the Muc5ac gene (the 22/23 kb domain), and this renders the Muc5ac promoter virtually inert within both mtCC1-2 and 3T3 cells. In a small number or experiments we also tested activation of the mouse Muc5ac promoter A549 and NCI-H292 cells. These human lung adenocarcinoma cell lines produce MUC5AC at both the message and protein levels. In these cells, the mouse Muc5ac promoter drives a strikingly similar pattern of reporter activity (see Figure E1 in the online supplement).
To further test the context of 22/23 kb domain-mediated repression, we used chimeric promoter constructs with a 1-kb fragment representing the entire 22/23 kb repressor domain of Figure 3 . Coordinate expression of Muc5ac mRNA and PAFS-positive mucin staining within the bronchial epithelium of antigen-challenged mice three days after single antigen challenge. In situ hybridization was used to detect Muc5ac mRNA in lung sections from antigen-challenged (A-D) and salinechallenged (G and H) mice. The antisense Muc5ac riboprobe hybridizes to the epithelium in the bronchial (Br) airways (red in A and C), but not in the bronchiolar (br) airways (A and D) . least one of these domains, the 22/23 kb repressor domain, functions by a mechanism that is redundant among Clara cell secretory products.
To better understand the mechanisms of core (1-kb) promoter activation, we next made mutations in the evolutionarily conserved TF consensus sites that we identified in silico. Singly, mutation of the Nmyc/HIF1 and the SMAD4 consensus sites each significantly disrupts promoter activation in serum-stimulated cells (Figure 9 ). In combination, mutation of these two sites completely abolishes promoter activity induced in serum-stimulated cells. In addition to these factors, there is small, but statistically significant inhibition of promoter activity in Lef1 consensus site mutants. Together, these data suggest that a significant level of control of the Muc5ac promoter derives from the activation of cellular stress (HIF1), damage (b catenin/Lef1), and remodeling/repair (TGF-b/SMAD) pathways.
To test which domains of the Muc5ac promoter also confer inducible transcriptional activation, we next tested whether IL-13 and EGF, two cytokines that are required for the development of mucous cell metaplasia in animals in vivo (6), are likewise capable of inducing Muc5ac promoter activity in mtCC1-2s in vitro. Our studies show that the Muc5ac promoter is induced in response to stimulation by these cytokines (Figure 10 ). Moreover, induction occurs via activation of elements within the first kb of the 59 flanking region, consistent with what we have shown previously (5) . Surprisingly, the 3-to 5-kb region continues to render luciferase activity to levels below baseline despite cytokine stimulation, suggesting that the strong inhibitory 22/23 kb element described above overpowers the activation of the proximal promoter regions in this in vitro setting. Having identified core HIF-1 and SMAD4 TF motifs as critical sites for promoter activity in the 21 kb promoter region in serum-treated cells, we next tested whether IL-13 or EGF-induced promoter activity functions through use of HIF-1 and SMAD4 TF motifs. In HIF-1 and SMAD4 TF motif mutant-transfected cells stimulated with IL-13 or EGF, luciferase activity fails to increase above the level seen in unstimulated or cytokine-stimulated cells transfected with the wildtype promoter (Figure 11 ). Furthermore, mutation of both sites in combination causes a further decrease in luciferase activity after cyokine stimulation ( Figure 11 ). In cells transfected with SMAD4 and HIF-1 mutant constructs, there is also a z 50% decrease in luciferase activity in cells cultured in serum-free medium (SFM) alone compared with cells transfected with the wild-type promoter and cultured in SFM simultaneous parallel experiments (data not shown). Cells were also transfected with the Foxa2, Maz, Lef, and TCF8 reporter mutants (see Figure 9 ) and incubated in either SFM or SFM supplemented with either IL-13 or EGF. Mutation of these sites causes no changes in either baseline or cytokine stimulated promoter activity (data not shown). Collectively, these data demonstrate that the HIF-1 and SMAD4 cis motifs identified here are required for induction of the Muc5ac promoter in response to IL-13 or EGF.
Lastly, we tested whether HIF-1 and SMAD4 are indeed capable of functioning as trans acting factors using quantitative ChIP analysis to confirm whether their binding are associated with Muc5ac promoter activation. At baseline, both HIF-1a and SMAD4 associate with the Muc5ac promoter in mtCC1-2s, since anti-HIF-1a and anti-SMAD4 Abs precipitate Muc5ac promoter DNA (Figure 12 ). Experiments using control IgG to IP Muc5ac promoter DNA were also performed, and in these studies, the amount of DNA detected was , 0.001% of that detected when DNA was precipitated with anti-HIF-1a or anti-SMAD4 Abs (data not shown). Incubation of cells with EGF significantly increases the binding of HIF-1a and significantly decreases the binding of SMAD4 to the Muc5ac promoter, as demonstrated using qPCR ( Figure 12B ). IL-13 also decreases SMAD4 association with the Muc5ac promoter, and it appears to induce an increase in HIF-1a association with the Muc5ac promoter, although this did not achieve statistical significance in the experiments reported here (P 5 0.078).
DISCUSSION
In the current studies, we demonstrate that Muc5ac is the most highly induced gel-forming mucin in the airways of antigenchallenged mice (Figures 1 and 2 ). Muc5ac mRNA expression increases over the same time course as airway inflammation and goblet cell metaplasia after antigen challenge, and its localization is restricted to the same anatomical sites as histochemically detectable granular mucin glycoprotein staining in the lungs (Figure 3 and Ref. 5 ). The Muc5ac 59 flanking region harbors elements that mediate promoter activation in response to IL-13 and EGF (Figures 6 and 10-12) , two cytokines that are required for the induction of Muc5ac expression and the development of goblet cell metaplasia in vivo (6, 7) . This dynamic and highly selective regulation of the Muc5ac gene appears to involve the activation of conserved 59 elements that mediate gene activation in Clara cells via HIF-1 and SMAD TFs (Figures 4, 5, 11 , and 12). Collectively, these data conclusively identify the expression of Muc5ac as the central event in the development of allergic inflammatory airway goblet cell metaplasia, they identify functional 59 elements that regulate Muc5ac gene expression in vitro, and they provide novel insight into the mechanisms that govern its tight temporal and spatial regulation in vivo.
While previous studies had demonstrated that Muc5ac is upregulated after antigen challenge, uncertainty over its role versus the roles played by other mucins has persisted over the years as new gel-forming mucins have been discovered (12, 13, 17, 35, 36) . Now, after comprehensive analysis, the total number of gel-forming mucin genes present within the human and mouse genomes is five-MUCs 2, 5ac, 5b, 6, and 19. Although this class of genes is grouped together because of striking similarities in the overall structures of the glycoproteins they encode, differences in their central glycosylation domains and polymerization sites impart gene-specific biochemical and biophysical properties that may necessitate tissue-specific expression ( Figure E2 ). For example, Muc2 is not soluble in aqueous solutions, including strong chaotropic salt solutions such as 6 M guanidium chloride (37) . Since this is the chief gel-forming mucin present in the intestinal mucous layer, the density and insolubility of Muc2 likely helps to provide a barrier between intestinal epithelial surfaces and the microbial flora within the intestinal tract. The functional importance of its expression in the intestines in vivo is highlighted by the finding that mice deficient in Muc2 develop spontaneous colorectal cancer (38) . In contrast to the intestinal tract, the presence of large amounts of such an insoluble mucin within airway mucus (which is z 95% water normally) would likely create a viscous and dense mucus layer that would greatly impair mucociliary clearance. Instead, the presence of small amounts of the more water-soluble Muc5ac and Muc5b mucins within the airways creates a mucus layer that is viscoelastic (not just viscous), maintains the integrity of the periciliary and mucous gel interface, and thus produces highly efficient mucociliary clearance escalator.
At baseline, Muc5ac and Muc5b transcripts are present in mouse lungs, with Muc5b displaying . 40-fold higher levels than Muc5ac, and in antigen challenged mice, Muc5ac is selectively induced, such that its transcript levels roughly match Muc5b. In endobronchial biopsies and bronchial brushings from human airways, MUC5AC and MUC5B transcript and proteins are both expressed in healthy subjects, and MUC5AC is selectively induced in allergic asthmatics (39) and in smokers with airflow obstruction (40) . However, MUC5B expression is lower than MUC5AC at baseline in humans, and its expression decreases in diseased airways (39, 40) . Ordinarily, MUC5B is a glandular mucin, and submucosal gland secretions are considered to be important for homeostatic airway hydration and mucociliary clearance in human bronchial (but not bronchiolar) airways. MUC5B may be poorly represented if submucosal glands are not present in biopsied or brushed tissue samples. Mice have submucosal glands only in the upper trachea, and these were not sampled in our current studies. Thus, our finding that Muc5b mRNA is higher than Muc5ac mRNA in mouse lungs (see Figure  2 ) may be related to cross-species anatomical differences that require compensatory changes in gene expression such that Muc5b is enriched in the surface epithelium to maintain airway homeostasis in animals lacking abundant submucosal glands. At baseline, Muc5b mRNA appears to be translated into mature protein, since mice lacking the exocytic regulatory protein Munc13-2 accumulate AB-PAS positive mucin granules in Clara cells that are laden with Muc5b but contain scant Muc5ac (41) . In wild-type mice, this goes unnoticed because the levels of histochemically detectable mucin glycoproteins are low compared with the rate of secretion in response to tonic activation of the regulated exocytic pathway. Collectively, these data suggest Figure 9 . Muc5ac promoter activity is controlled by functional evolutionarily conserved cis elements. Site-directed mutagenesis was used to disrupt TF motifs contained within the 21 kb Muc5ac firefly luciferase construct used in Figure 7 . Cultures were transfected with 1 mg of DNA and incubated in the presence of 10% fetal bovine serum (FBS) to maximally activate promoter activity overnight. Luciferase and BCA assays were then performed. Data are presented as the percentage of activity of mutated promoters compared with wild type. Mutation of individual Hif1/ Nmyc, Smad4, and Lef consensus sites identified in silico significantly impairs Muc5ac promoter function in vitro. Combined mutation of Hif1/Nmyc and Smad4 sites abolishes promoter activity. Dashed line represents baseline wild-type 1-kb Muc5ac promoter activity in the absence of FBS. Values are means 6 SE of results from three separate transfection experiments performed in sextuplicate. *Significant difference from wild type.
that Muc5b functions as the chief homeostatic gel-forming mucin in mouse lungs, while Muc5ac functions as a pathophysiologic gel-forming mucin during disrupted homeostasis. Establishing the functional importance of these will depend on the generation and analysis of mice that constitutively express or are conditionally deficient in these mucin genes singly and in combination.
During allergic airway inflammation, the entire lung is exposed to IL-13. However, the responses of individual cell types vary greatly. For example, IL-13 is capable of directly acting on smooth muscle to modulate contractile responsiveness (42) , but it clearly does not induce mucous metaplasia in airway smooth muscle or in other mesenchymal cells. Instead, the appearance of the mucous phenotype during IL-13-driven inflammation is restricted to secretory epithelial cells (5, 43) . In vitro, the differential responsiveness of human epithelial cells, fibroblasts, and airway smooth muscle cells in primary cultures shows that many genes are differentially regulated by IL-13 in a tissue-specific manner (44) . In addition to the differences observed between epithelial and mesenchymal responses, there are also differences observed between airway epithelial cell responses to redundant inflammatory signals such that ciliated and nonciliated epithelial cells demonstrate high specificity for several genes in vivo. For example, in mice, ciliated cell-specific genes encode TFs, such as Foxj1, and structural proteins, such as b-tubulin IV (45), while nonciliated cell specific genes encode secretory products, such as CCSP and Muc5ac, and components of the regulated exocytic machinery, such as Rab3D and Rab27a (5, 46) . In vivo, there is differential regulation of mucin expression even within the Clara cell population of mice, since Muc5ac expression and histochemically detectable mucin granules are restricted to the bronchial airway Clara cell subset (Figure 3 and Ref. 5). One level of control of tissue-/cell-specific gene expression could be mediated by regulation of promoter and enhancer domains in the 59 flanking regions of tissue-/cell-specific genes. However, in contrast to the high level of cross-species conservation within most proteincoding genomic DNA sequences, there is much less cross-species conservation within noncoding regions. The exceptions to this rule are found in genomic regions that contain functional regulatory elements that impart phylogenetically selective advantages. For example, an z 400-bp conserved noncoding sequence (CNS-1) present in the IL-4/IL-13 intergene region regulates the polarization of CD41 T cells (47) , apparently by regulating the association of CNS-1 with modified histones during immune activation (48) . In a preliminary attempt to gain insight into the mechanisms that control Muc5ac gene expression, we analyzed the 59 noncoding regions of all sequenced mammalian MUC5AC orthologs. Our analysis revealed conservation within the first 5 kb of the human and mouse genes, with the highest conservation occurring in the cis region closest to the translation start site, where multiple TF recognition motifs reside. This region contains Figure 10 . Activation of the Muc5ac promoter is cytokine inducible. Muc5ac promoterluciferase constructs (1-5 kb) were transfected into mtCC1-2s and incubated overnight in serum-supplemented medium. Cells were serum starved for 6 h, followed by overnight incubation with SFM alone (open bars), 100 ng/ml recombinant mouse IL-13 (solid bars), or 25 ng/ml recombinant mouse EGF (shaded bars). The Muc5ac 59 flanking region is differentially regulated in mtCC1-2s after IL-13 or EGF stimulation as compared with SFM (open bars). The 800-bp CCSP core promoter is unresponsive to IL-13 and EGF. Dashed line is luciferase activity in cells transfected with empty pGL3 vector. Data are presented as means 6 SE in triplicate samples in a representative of six experiments. *Significant difference from medium alone. a functional promoter in the 21/22 kb region that drives reporter gene expression strongly in mtCC1-2s.
The Muc5ac 59 flanking region also contains a strong repressor element in the 22/23 kb domain. Thus, one mechanism for controlling the tight regulation of Muc5ac expression in Clara cells may be mediated through the 22/23 kb domain. To confirm whether this is a broad nonspecific gene silencing effect or a more selective or gene inhibitory event, we tested whether the 22/23 kb domain could affect the expression of broad or cellspecific promoter-driven reporters. When the 22/23 kb domain is fused to the constitutively active CMV promoter, the 22/23 kb repressor has no effect on luciferase activity, indicating that it does not induce ubiquitous gene silencing. However, when fused to the CCSP promoter, the 22/23kb domain abolishes luciferase activity (see Figure 8) . It is thus conceivable that the 22/23 kb repressor continuously blocks Muc5ac gene activation in distal airway Clara cells even in the presence of up-regulated mucin-inducing stimuli by acting on one or more identical or Figure 11 . Cytokine inducible Muc5ac promoter activity is mediated by cis SMAD4 and HIF-1/Nmyc recognition motifs. Cultures of mtCC1-2s were transfected with 1 mg of wild-type and the SMAD4 and HIF-1/Nmyc mutant 21 kb Muc5ac firefly luciferase constructs used in Figure 9 and incubated in the presence of 10% FBS overnight. The following day, cells were serum starved for 6 h and were incubated overnight in SFM alone (open bars), SFM supplemented with 100 ng/ml recombinant mouse IL-13 (solid bars in A), or SFM supplemented with 25 ng/ml recombinant mouse EGF (solid bars in B). Eighteen hours later, luciferase and BCA assays were performed. In cells transfected with the wild-type promoter IL-13 and EGF, both increase Muc5ac promoter activity compared with unstimulated cells. In cells transfected with the 21 kb promoter harboring mutant HIF or SMAD4 motifs, singly and in combination, IL-13 and EGF both fail to induce promoter activity. Data are presented as luciferase activity normalized to total protein within each well. Values are means 6 SE of results from three separate transfection experiments performed in sextuplicate. *Significant difference from wild-type promoter-transfected cells cultured in SFM. Figure 12 . HIF-1a and SMAD4 bind to the Muc5ac promoter in mouse transformed Clara cells. Cells were cultured in the presence of 10% FBS until 75-90% confluent. Cells were then serum-starved for 6 h and were incubated overnight in SFM alone, SFM supplemented with 100 ng/ml recombinant mouse IL-13, or SFM supplemented with 25 ng/ ml recombinant mouse EGF. Eighteen hours later, cells were fixed and lysed for chromatin immunoprecipitation (ChIP) using HIF-1a and SMAD4 Abs. (A) Nonquantitative PCR analysis of precipitated and input DNA using Muc5ac promoter-specific primers that flank the SMAD4 and HIF-1a TF motifs (sense primer, 2144 to 2125 bp ; antisense primer 120 to 11; see Figure 4 ) demonstrates binding of HIF-1a and SMAD4 to the Muc5ac promoter at baseline and after cytokine stimulation. (B) Quantitative PCR analysis of precipitated DNA demonstrates that HIF1a and SMAD4 both bind to the Muc5ac promoter at baseline, and SMAD4 binds z 3 times more often. HIF-1a binding to the Muc5ac promoter increases in cytokine stimulated cells, but SMAD4 binding decreases. Assessment of DNA precipitated with control IgG demonstrated z 10,000 to . 100,000-fold lower values than any of the values generated from PCR of DNA precipitated by SMAD4 and HIF-1a Abs. Template DNA was diluted 10-fold for PCR analysis of input in A. Values in B are means 6 SE of results normalized to input from three separate ChIP experiments analyzed in triplicate. *Significant difference in HIF-1a and SMAD4 association with the Muc5ac promoter between cytokine stimulated cells and cells cultured in SFM. # Significant difference between SMAD4 and HIF-1a results in cells cultured under identical conditions. related TF(s) present in the core promoters of both Muc5ac and CCSP (Figure 10 ), but this assertion needs to be tested in vivo.
Other genes also show heterogeneous expression in secretory cell subsets and (like Muc5ac) show inducible regulation in vivo. These include the A 3 adenosine receptor (51, 52), Clca's (49, 50) , and chitinases (53, 54) . Analysis of the signal transduction pathways that lead to their induction and the TFs that up-regulate these will help to establish a hierarchy of components involved in a metaplastic network that controls goblet cell differentiation in the lungs.
Development of the mucous metaplastic phenotype in the lungs is a parenchymal response that occurs in response to many different inflammatory stimuli. To date, the best characterized inflammatory pathway leading to mucous metaplasia in mice is the Th2 lymphocyte-mediated allergen challenge model. Our initial studies demonstrated that the Th2 cytokine IL-13 activate Muc5ac gene transcription in mtCC1-2s, suggesting that an IL-13-responsive element is present in this region (5) . However, sequence analysis of the Muc5ac 59 flanking region shows no consensus motif for STAT6 (59-TTCN 4 GAA-39), the IL-4 receptor a signal transduction molecule that is crucial for antigen and IL-13-induced goblet cell metaplasia in vivo (55, 56) . Furthermore, the lack of any evolutionarily conserved STAT6 consensus sequences within the entire 59 intergene regions of the mammalian MUC5AC orthologs suggests that a different gene regulatory mechanism is used. Recently, in differentiated airway epithelial cell cultures, IL-13 was shown to induce MUC5AC expression via a mechanism requiring a secondary TGF-b 2 -mediated signal (57) . These studies demonstrated that the ''direct'' effects of IL-13 on Muc5ac expression within the airway epithelium are mediated indirectly via the initiation of para-/ autocrine activation of TGF-b 2 /SMAD signal transduction pathways through a STAT6-dependent pathway. In support of this, both IL-4 and IL-13 both strongly up-regulate TGF-b 2 production in cultured airway epithelial cells (58) . The core promoter of mouse Muc5ac contains a SMAD4 recognition site that is conserved across mammalian species (see Figures 4 and 5) , and has been previously shown to be active in gain-of-function transfection studies (59) . Furthermore, SMAD4 associates with this DNA region in mtCC1-2s, and mutation of this site significantly impairs reporter gene activity (Figures 9 and 11) . Surprisingly, though, SMAD4 binding to this region of the Muc5ac promoter in mtCC1-2s decreases in response to IL-13 and EGF ( Figure  12 ). These data suggest that SMAD4 constitutively binds the Muc5ac promoter, where it awaits interaction with other activating TFs that displace it. Future experiments testing the binding of activated forms of the TGF-b-responsive regulatory SMADs, phospho-SMAD2 and -3, to the Muc5ac promoter will clarify this.
Our studies also revealed the presence of a conserved consensus motif for the basic helix-loop-helix TFs HIF-1 and Nmyc that is adjacent to the SMAD4 site described above. Mutation of this site significantly impairs reporter gene activity, and mutation of this in combination with the adjacent SMAD4 site virtually abolishes reporter gene activity ( Figure 9 ). Nmyc can function both as a transcriptional activator and as a repressor, but little Nmyc is expressed in the lungs at baseline in adult mice (60) . However, in developing mouse embryos Nmyc is expressed in distal airways during the pseudoglandular and canalicular stages, where it critically regulates distal airway formation and differentiation of the bronchiolar airway epithelium (60) . Drosophila homologs of the mammalian HIF-1 complex, typically comprised of HIF-1a and b, are expressed in the tracheal tube system, where they regulate tube formation (61; for reviews, see Refs. 62, 63). In vertebrates, the classical pathway of HIF-1 regulation uses the Krebs cycle metabolite 2-oxoglutarate (also called a-ketoglutarate) as a substrate for prolyl hydroxylase domain (PHD) and asparaginyl hydroxylase (also called FIH1 [factor inhibiting HIF-1]) enzymes to regulate HIF-1a stability and transactivation, respectively. These enzymes thus function as oxygen sensors by directly using products of aerobic metabolism to control the activation of hypoxia-responsive genes, which include vascular endothelial growth factor and erythropoietin, cytokines that regulate oxygen uptake and delivery. HIF-1 is increased in the lungs of experimental animals in vivo after hypoxic conditioning and challenge (64) . The airway surface mucus layer of patients with CF shows steep oxygen gradients, such that the deepest region that is directly juxtaposed to the epithelial surface is nearly anoxic, creating conditions that favor the increased Pseudomonas aeruginosa alginate production and virulence (65) . Thus, local hypoxic conditions are generated endogenously, and these may relay stressed cell signaling events via changes in the expression of HIF-1-responsive genes.
Under some conditions of cellular stress, HIF-1 may also be functional during normoxia. Mechanisms for this that have been demonstrated thus far include: (1) the induction of HIF-1a mRNA and protein production to such a degree that the classical oxygen-dependent degradative pathway is overwhelmed; (2) modification of HIF-1a by phosphorylation to prevent binding by PHDs or FIH1; or (3) phosphorylation of PHDs or FIH1 such that these fail to hydroxylate HIF-1a. Epidermal growth factor receptor (EGFR) signaling is prominent during cellular stress, and it induces HIF-1a mRNA synthesis. Downstream effectors of EGFR activation include p38 mitogen-activated protein kinase (MAPK), extracellular signal-regulated kinases (ERKs), and phosphoinositide-3-kinase (PI3K). PI3K, ERK, and p38 activation after cytokine stimulation increase HIF pathway activation under normoxic conditions by inducing high HIF1a mRNA levels (66) (67) (68) (69) . ERK-mediated phosphorylation of HIF-1a inhibits FIH-mediated hydroxylation and subsequently to increased (disinhibited) HIF-1/CBP/p300 interaction (70) (71) (72) (73) (74) (75) . TGF-b increases HIF-1a protein stabilization through SMADdependent down-regulation of PHD2 in cultured epithelial cells and fibroblasts during normoxia (76) . Importantly, these growth factor-mediated pathways function differently from the classical pathway, which can be activated ubiquitously, by introducing a layer of cell specificity via regulation of ligand and receptor expression (77) . EGFR expression is up-regulated in the airway epithelium of humans with asthma (78) (79) (80) , CF (81) , and COPD (82, 83) , and EGFR activation is critical for the induction of Muc5ac and mucous metaplasia in animal models and the upregulation of MUC5AC in human airway epithelial cells in response allergens, viruses, neutrophils, and cigarette smoke (7, (84) (85) (86) (87) (88) . While a great deal of effort has been placed on understanding the mechanisms of increased EGFR activation (e.g., by TNF-a-converting enzyme and matrix metalloproteinases) in response to extracellular oxidants and proteases (reviewed in Ref. 89) , the intracellular mechanisms that relay EGFR activation and signal transduction at cis sites in the MUC5AC gene remain largely unexplained. In the present studies, EGF potently stimulates Muc5ac mRNA production in mtCC1-2s. Furthermore, EGF stimulates HIF-1a binding to the Muc5ac promoter, and it activates Muc5ac promoter activation via a cis HIF-1 TF motif. Thus, in the lungs, EGFR-dependent induction of HIF-1 may be an important mechanism for up-regulation of MUC5AC production and mucous metaplasia.
The findings presented here suggest that cell injury/damage response signals operate in a coordinated manner to regulate Muc5ac production and mucous metaplasia through multiple physical and genetic interactions. SMADs are known to interact with a large number of sequence-specific TFs in Drosophila, Caenorhabditis elegans, and vertebrates. HIF-1 interacts with TGF-b signaling both physically and genetically via proteinprotein interaction between HIF-1a and SMAD3 to mediate cooperative up-regulation of the vascular endothelial growth factor gene promoter (90) and via autocrine activation of the TGF-b 2 promoter through HIF-1a and SMAD3 binding (91) . The close proximity and use of Smad4 and Hif-1 TF binding sites in the Muc5ac promoter suggests that these cellular stress and injury response signals interact to mediate Muc5ac production after inflammatory cell-mediated tissue damage in vivo. The human and mouse TGF-b 2 genes do not have conserved STAT6 consensus motifs within 20 kb upstream of their translational start sites (C. M. Evans, unpublished observation). Thus, like Muc5ac expression, it is also unlikely that TGF-b 2 expression is directly affected by STAT6 signaling. In contrast to Muc5ac and TGF-b 2 , however, the promoter regions of the sequenced mammalian HIF-1a genes contain conserved canonical STAT6-binding motifs at 21067/21058 (human) 21066/21057 (chimpanzee), 21207/21198 and 2672/2663 (dog), 2646/2637 (rat), and 2658/2649 (mouse) upstream of their respective translational start sites ( Figure E3) . A model in which IL-13 regulates the differential expression of HIF-1a in the airway epithelium and thereby mediates the efficiency and localization of SMADmediated transcriptional activation within these anatomical sites under conditions of allergic lung inflammation is thus plausible. Further work in vivo using gain-/loss-of-function mutant and transgenic reporter animals will be critical for gaining a better understanding of the importance and hierarchy of these signals in Muc5ac expression.
Previous studies of the human MUC5AC promoter focused on direct relationships between pro-and anti-inflammatory mediators acting upon cis elements within the MUC5AC promoter. Two of these studies used in vitro reporter assays to identify potential roles for NF-kB and glucocorticoid-responsive elements (GREs) in activation and repression of the MUC5AC promoter (92, 93) . Biochemical evidence using extracts from MUC5AC-expressing A549 adenocarcinoma cells suggests at least one GRE binds to the MUC5AC promoter in cis, but functional studies confirming the role of this site using mutant luciferase reporter constructs are lacking (93) . Conversely, the findings implicating NF-kB as a cis acting factor were performed using transfected mutant reporter constructs; however, without biochemical analyses to confirm the binding of NF-kB subunits to the MUC5AC promoter, the functional importance of these findings remains questionable (92) . Alignment of the 59 flanking regions of MUC5AC orthologs does not reveal any well-conserved NF-kB sites or GREs ( Figure E3 ). In agreement with this, previous investigations have demonstrated that epithelial expression of NF-kB is not required for the induction of Muc5ac expression and goblet cell metaplasia under conditions of allergic inflammation in vivo, since goblet cell metaplasia increases in NFkB-deficient p502/2 mice receiving antigen-specific Th2 cells by adoptive transfer and subsequently exposed to antigen (94) . Likewise, dexamethasone pretreatment only modestly decreases histochemically detectable goblet cell metaplasia in antigen challenged mice in vivo (95, 96) . Thus, while these sites could have functional roles in regulating the human MUC5AC promoter, they are not suitable for future studies of Muc5ac promoter regulation in mice under allergic inflammatory conditions in vivo.
The model proposed here, of indirect Muc5ac regulation in response to inflammation via damage response signals, is a departure from the commonly held view that inflammatory signals directly mediate the bulk of MUC5AC promoter activation, but it is supported by previous findings in vivo. For example, in antigen-challenged mice, the induction and maximal levels of mucous metaplasia occur as inflammatory cell and cytokine levels wane, suggesting that some component(s) of these initiates the activation of secondary signals that mediate a temporally dissociated parenchymal response to inflammatory challenge (97) . In addition, b-catenin, which is ordinarily activated during lung development (98) or in response to disruption of intercellular adherens junction contacts after cellular injury (99), induces spontaneous mucous metaplasia when overexpressed as a constitutively active transgene (100) . A role for b-catenin signaling in the control of Muc5ac production is suggested here by our finding that Muc5ac promoter activity is significantly impaired by mutation of the cis recognition motif for Lef-1 (see Figure  8) , a TF that transmits b-catenin signals in the nucleus (101, 102) and also cooperates with SMAD4 (103) to enhance gene transcription. Thus, signals released by epithelial damage, following exposure to inflammatory cells or exogenous stimuli, stimulate the expression of Muc5ac and the development of mucous metaplasia. Muc5ac expression and mucous metaplasia are phenotypic markers of lung inflammation induced by a wide variety of stimuli, including allergic, chemical, viral, and fungal challenges, that evoke highly disparate inflammatory signal transduction pathways. The use of these intracellular defense mechanisms to induce the mucous phenotype may be important for producing a redundant effector response to multiple divergent inflammatory signal transduction pathways.
In summary, the current study indicates that up-regulated Muc5ac expression is the central event in goblet cell metaplasia in antigen-challenged mice. This is an important finding, since mucus hypersecretion is associated with the development and progression of multiple lung disease processes. Therefore, blockade of Muc5ac expression is an ideal goal for reducing the pathological effects associated with airway mucus hypersecretion in mice. This approach would also be suitable in the airways of humans with asthma and COPD, where airflow obstruction and mucus plugging are most prominent in small airways (104, 105) where MUC5AC is the most abundant gel-forming mucin expressed by surface epithelial cells (39, 40) . Muc5ac expression is tightly regulated such that its expression is temporally induced by cytokines specifically within secretory cells in the bronchial conducting airways. This regulatory process is mediated by a complex interaction of activator and repressor sites present within the 59 flanking region that mediate Muc5ac gene expression in the airways in response to tissue stress/damage signals, such as TGF-b 2 /SMAD, EGFR, and HIF-1, elicited during airway inflammation. Future studies testing the functional roles of conserved transcriptional regulatory networks in vivo will hopefully lead to the identification of novel targets for therapeutic interventions.
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